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29
Proteins and carbohydrates constitute two of the most common labile organic substrates in the 30 ocean (Benner, 2002; Benner et al., 1992; McCarthy et al., 1996) , both of which are essential 31 for cellular growth and repair (Azam et al., 1983; Simon and Azam, 1989) . Two groups of 32 extracellular enzymes commonly studied for their role in protein and carbohydrate degradation 33 are aminopeptidases and glucosidases, respectively. Enzyme activity is sensitive to different 34 environmental factors, and consequently degradation of proteins and carbohydrates will vary 35 accordingly. Most enzymes are pH sensitive and have different pH optima (Tipton and Dixon, 36 1979, Piontek et al., 2013) , and consequently a change in ocean pH may result in a decline or 37 increase in activity of extracellular enzymes as these are directly exposed to the external 38 seawater pH (Orsi and Tipton, 1979; Tipton and Dixon, 1979) . Atmospheric CO2 has increased 39 by 40 % since the 18 th century (IGBP-IOC-SCOR, 2013; IPCC, 2013), which is of concern as 40 CO2 freely exchanges with the ocean and directly alters ocean carbonate chemistry and pH. As 41 a result ocean pH has declined from 8.2 to 8.1, with a continued decline to 7.8 predicted by the 42 year 2100. This decline in ocean pH and the associated change in carbonate chemistry, referred 43 to as ocean acidification (OA), will significantly impact metabolic reactions and influence 44 carbon cycling in the ocean (Endo et Yague and Estevez, 1988) . This may result from 54 the direct effect of pH on the ionisation state of the enzyme's component amino acids (Dixon, 55 1953) , or from indirect influences on longer timescales (Boominadhan et al., 2009 ). The latter 56 may be arise in response to changes in the concentration and composition of high molecular 57 weight organic substrate due to the effect of pH on phytoplankton and bacterioplankton 58 community composition (Endo et and phytoplankton-derived organic exudation (Engel, 2002; Engel et al., 2014) . 61
Bacterial extracellular enzyme activity is regularly determined using artificial fluorogenic 62
substrates. These substrates consist of a fluorescent moiety covalently linked to one or more 63 natural monomer molecules (Arnosti, 2011; Kim and Hoppe, 1984) . The molecule is non-64 fluorescent until it is hydrolysed by an extracellular enzyme, which triggers a fluorescent 65 response, allowing it to be detected and quantified (Hoppe, 1993) . The sensitivity of the 66 analytical method to pH has been assessed in terrestrial soils (Malcolm, 1983; Niemi and 67 Vepsäläinen, 2005) , however limited information is available on how these components 68 respond to a reduction in seawater pH (Piontek et al., 2013) . If pH does have a significant effect 69 on the individual assay components, and this is not corrected, then calculated enzyme kinetics 70 will under or overestimate the true activity rates. 71
Several methods are commonly used to artificially adjust seawater pH (Cornwall and Hurd, 72 2015; reviewed in Riebesell et al., 2010) . The simplest acidification method involves the 73 addition of a strong acid (typically HCl). The acid decreases the sample pH through the 74 formation of hydronium ions and modifies total alkalinity (TA), but does not alter dissolved 75 inorganic carbon (DIC) in a closed system (Emerson and Hedges, 2008) ; consequently 76 although it is relatively simple to adjust pH using acid, the balance of carbonate species does 77 not reflect the changes that will occur in response to increased CO2 uptake unless corrected for 78 and growth rates, as well as particulate organic carbon production per cell, and so it is important 87 to ensure changes in all carbonate system species reflect that projected from an increase in CO2 88 (Cornwall and Hurd, 2015 In addition to the method of acidification, the mode of application also needs to be considered. 90
A commonly used method of introducing CO2-Air gas mixtures into seawater is by bubbling. 91
This method is simple to implement and maintain for extended periods, however, the physical 92 disturbance associated with bubbling CO2 gas may influence coagulation of organic matter 93 
pH determination
112
Sample pH was determined using a CX-505 laboratory multifunction meter (Elmetron) 113 equipped with a platinum temperature integrated pH electrode (IJ44C-HT enhanced series; 114 accuracy 0.002 pH units), calibrated using Tris buffers (Cornwall and Hurd, 2015) and 115 regularly cleaned using potassium chloride reference electrolyte gel (RE45-Ionode). Electrode 116 pH measurements were validated using a pH spectrophotometer with colorimetric 117 determination using a thymol blue dye solution (Law et on microbial activity (Houlsby et al., 1986) . In two separate test experiments using coastal 180 seawater Tris/HCl buffer did not inhibit LAP activity relative to MOPS but instead showed a 181 minor stimulatory effect with 16-18% higher LAP activity (data not shown). Tris/HCl was 182 selected for subsequent use as its optimal buffer range is pH 7.8-9.0, making it ideal for OA 183 incubations, and it has a pKa of 8.06, so is appropriate for artificial fluorescent substrates 184 (Hoppe, 1993) . 185
Following the above tests, the following methodology was used for the seawater acidification 186 tests. Tris buffered Leu-MCA and Arg-MCA substrate working standards were made by 187 diluting 500 µl of MCA substrate stock (16 mM) with 4.5 ml of 0.1 M Tris/HCl buffer. 188
Duplicate Tris/MCA substrate solutions were adjusted to pH 8.1 and 7.8 by adding 10 % HCl 189 and the pH of duplicate 10 ml aliquots of coastal seawater was also adjusted to pH 8.1 and 7.8. 190
For each pH treatment, 250 µl of Tris/MCA substrate solution was added to 10 ml of seawater 191 fixed at the corresponding pH. pH was recorded at room temperature using a pH electrode as 192 
Bacterial secondary production 238
Potential bacterial secondary production (BSP) was measured using and converted to secondary production using a protein conversion factor (1.5 kg C mol -1 243 leucine) (Simon and Azam, 1989) . Cell-specific rates were calculated by dividing the BSP rate 244 by total bacterial cell numbers. 245
Dissolved Inorganic Carbon and Total Alkalinity 246
Pre-combusted 12 ml sample DIC vials (Labco Ltd) were triple rinsed with sample seawater 247 and filled, ensuring no air bubbles. One drop of saturated HgCl2 was added to each DIC sample, 248 with storage at room temperature. DIC was determined using evolved CO2 gas after sample 249 acidification on a Marianda AIRICA system, the accuracy of this method was estimated to be 250 pH (one-way ANOVA, p < 0.05). As both MCA substrates are hydrochloride salts, addition 284 resulted in a significant pH change, as previously reported by Hoppe (1993) . In tests of Tris 285 buffered MCA substrate solutions adjusted to seawater pH 7.8 and 8.1, pH change ranged from 286 0.003 to 0.03 units (±0.001 SE). As the addition of buffer solution reduced the pH change, both 287 MCA substrates and fluorophores were subsequently produced using 0.1 M Tris/HCl, with pH 288 adjusted to the respective experimental treatments and Control. In contrast to MCA, no 289 statistically significant change in pH was recorded immediately following, or 30 mins after, 290 addition of either α-MUF or β-MUF substrate to seawater at pH 7.95 or 7.70, indicating that 291 these are neutral compounds. However, to eliminate possible bias, MUF substrates were also 292 buffered using Tris/HCl. 293 294
Seawater acidification 295
Having established that the analytical procedures for determining extracellular enzyme activity 296 are affected by, and alter pH, the influence of acidification technique was then considered in 297 two separate trials in different seasons. Overall, the experiments showed that different 298 acidification techniques had significant effects on BG and LAP activity in both trials (Fig. 1) , 299 while the response of AG and AAP activity was variable with no consistent treatment response 300 relative to the Control (data not shown). Overall, BG and AG activity declined from time-zero 301 to 96 hrs in the Control and treatments in trial 1, but were both significantly higher in the 302 treatments relative to the Control from time-zero to 72 h, with BG activity approximately three-303 fold higher than AG activity (data not shown). Cell-specific BG activity was at least an order 304 of magnitude higher in treatment B, P and A relative to the Control at time-zero (one-way 305 ANOVA, p < 0.05) (Fig. 2) , which is consistent with a direct effect of acidification (Piontek et 306 al., 2013) . Cell-specific BG activity was highest in treatment B from 24 h to 72 h by at least 14 307 % relative to treatment A and P (Fig. 1) . In contrast to trial 1, cell-specific BG activity increased 308 significantly throughout trial 2 (repeated measures ANOVA, p < 0.05). The opposing temporal 309 trends between trials may signify seasonal differences in the response of glucosidase to OA, 310 potentially reflecting differences in microbial community composition (Endo et al., 2013) or 311 substrate availability (Morris and Foster, 1971 ). There was no significant difference in BG 312 activity between treatments at time-zero in trial 2 (one-way ANOVA, p > 0.05) (Fig. 2) , and 313 BG activity was again highest in treatment B from 48 h, with activity at least 18 % higher 314 relative to treatment P and A (Fig. 1) . Bulk water LAP and AAP activity varied between 315 treatments for trials 1 and 2. For example, both LAP and AAP activity were highest in treatment 316 P throughout trial 1, whereas LAP activity was highest in treatment B from 72 h to 96 h in trial 317 2 (data not shown). Although cell-specific LAP activity showed evidence of a response to 318 acidification, this was not significant in either trial (Fig. 1) . 319
Although treatment B was only bubbled with gas mixtures for the pre-incubation period (143 320 mins), this had a greater effect on BG activity than in the other treatments, indicating potential 321 artefacts associated with bubbling. Bubbling may have ruptured picoplankton cells or increased 322 their susceptibility to viral lysis, leading to an increase in the release of labile organic 323 carbohydrates. This is potentially supported by the decline in total eukaryotic picoplankton cell 324 numbers in treatment B (trial 1 -2.8 x 10 3 to 2.6 x 10 3 cells ml -1 , trial 2 -1.7 x 10 3 to 1.3 x 10 3 325 cells ml -1 ) in both trials (repeated measures ANOVA, p < 0.01). An increase in enzyme activity 326 would theoretically increase the availability of low molecular weight organic substrate for 327 bacterial assimilation, and may explain the significant increase in bacterial cell numbers in 328 treatment B relative to the Control at 96 h in both trials (one-way ANOVA, p < 0.05) (Fig. 2) . 329
An increase in bacterial abundance in response to bubbling has been previously reported by 330 (Kepkay and Johnson, 1989 ) who suggested that surface DOC coagulation facilitated by 331 bubbling resulted in increased respiration and bacterial numbers. It is possible that bubbling 332 increased the abiotic coagulation of organic matter (Riley, 1963) cell-specific BG activity (Fig. 1) . 336
All acidification treatments had a significant negative effect on cell-specific BSP from 24 h to 337 48 h in trial 1 (one-way ANOVA, p < 0.05) (Fig. 3) . During trial 2, cell-specific BSP was 338 significantly lower in treatments B and P when compared to the Control from 72 h to 96 h (one-339 way ANOVA, p < 0.05), while BSP was twice as high in treatment A during this period (Fig.  340 3). Although a clear treatment response was not observed in either trial, the low cell-specific 341 
